versity is maintained by ongoing mutations, and the population is shaped by selection. Novel mutations augment existing variation, so that the evolutionary search is biased, in an appropriate fashion, by selection events that have already occurred (8) . The more advantageous mutants, which are relatively abundant in the population, give rise to larger numbers of novel variants compared to the less advantageous.
We now describe our system of in vitro evolution as a method for enzyme engineering. We began with the Tetrahymena ribozyme, an RNA enzyme that catalyzes sequence-specific phosphoester transfer reactions that result in cleavage or ligation of RNA substrates (9-11). This enzyme can be used to cleave a single-stranded DNA substrate, albeit only under conditions of high temperature (50?C) or high MgCI2 concentration (50 mM), or both (4). A kinetic study (12) showed that, even at 50?C, this reaction is inefficient compared to the "native" reaction with an RNA substrate. Under physiologic conditions (37?C, 10 mM MgCI2), the DNA cleavage reaction is almost undetectable. In our study, we used directed evolution, maintaining a population of 1013 ribozymes over ten successive generations, to obtain ribozymes that cleave DNA with improved efficiency under physiologic conditions. We have complete access to genotypic and phenotypic parameters for the entire population over the course of its evolutionary history.
In vitro evolution. Darwinian evolution requires the repeated operation of three processes: (i) Introduction of genetic variation; (ii) selection of individuals on the basis of some fitness criterion; (iii) amplification of the selected individuals. Each of these processes can be realized in vitro (3) . A gene can be mutagenized by chemical modification (13), incorporation of randomized mutagenic oligodeoxynucleotides (14, 15), or inaccurate copying by a polymerase (1 6, 17). The gene product can be selected, for example, by its ability to bind a ligand or to carry out a chemical reaction (2-5). The gene that corresponds to the selected gene product can be amplified by a reciprocal primer method, such as the polymerase chain reaction (PCR) (18) . A major obstacle to realizing Darwinian evolution in vitro is the need to integrate mutation and amplification, both of which are genotype related, with selection, which is phenotype related. In the case of RNA enzymes, for which genotype and phenotype are embodied in the same molecule, the task is simplified.
Using a combination of two polymerase enzymes, we can amplify virtually any RNA (19) . RNA is copied to a complementary DNA (cDNA) with reverse transcriptase (RT), and the resulting cDNA is transcribed to RNA with T7 RNA polymerase (T7 Pol) ( The amplification was performed selectively in that individual RNA's in the population were required to catalyze a particular chemical reaction in order to become eligible for amplification (3, 4). The selection was based on the ability of group I ribozymes to catalyze a sequence-specific phosphoester transfer reaction involving an oligonucleotide (or oligodeoxynucleotide) substrate (Fig. 1B) . The product of the reaction was a molecule that contained the 3' portion of the substrate attached to the 3' end of the ribozyme (EP). Selection occurred when an oligodeoxynucleotide primer was hybridized across the ligation junction and used to initiate cDNA synthesis. The primer did not bind to unreacted starting materials (< 10-8 compared to reaction products) and thus led to selective amplification of the catalytically active RNA's.
Mutations were introduced in two ways. First, at the outset, we used a set of mutagenic oligodeoxynucleotides that contained random substitutions at a fixed frequency of occurrence. These partially randomized oligonucleotides were produced on an automated DNA synthesizer with nucleoside 3 '-phosphoramidite solutions that had been doped with a small percentage of each of the three incorrect monomers (15). Sec-reverse transcription, the resulting cDNA's were PCR amplified, and the PCR products were transcribed to produce a progeny distribution of mutant RNA's.
Integration of the PCR with the selective RNA amplification procedure was useful in three other ways. First, it increased the overall amplification by about 103 times. Second, it simplifies the process of subcloning individuals from the evolving population. Normally, only a small portion of the DNA in the RNA amplification mixture is fully double-stranded, but with the PCR the amount of double-stranded DNA is greatly increased. Third, it returns the RNA to a form that can participate in the RNA-catalyzed phosphoester transfer reaction. After phosphoester transfer, the ribozyme has the 3' portion of the substrate attached to its 3' end, and after selective RNA amplification, the substrate sequence remains attached (Fig. 1) . However, by subsequent use of the PCR, followed by in vitro transcription, the original 3' end of the ribozyme is restored.
We refer to the entire series of events, beginning with a heterogeneous population of RNA's, proceeding with RNA catalysis in the target reaction, selective amplification of catalytically active RNA's, reverse transcription of the selective amplification products, mutagenic PCR, and in vitro transcription to produce a progeny distribution of RNA's, as one "generation." Typically, a generation is completed in one to two working days, excluding time for analytic work. We refer to the initial population of mutant RNA's as "generation 0" and to subsequent progeny populations as "generation 1," "generation 2," and so forth. In principle, there is no limit to the number of successive generations that can be obtained (23) .
Improved catalytic function. The Tetrahymena ribozyme is a self-splicing group I intron derived from the large ribosomal RNA (rRNA) precursor of Tetrahymena thermophila. Its biological function is to catalyze its own excision from precursor rRNA to produce mature rRNA. This function has been expressed in vitro (9) and has been generalized to include various phosphoester transfer reactions involving RNA substrates (10, 24) . For example, the ribozyme has been used as a sequence-specific endoribonuclease ( Our goal was to improve the catalytic efficiency of RNA-catalyzed DNA cleavage under physiologic conditions and thereby obtain ribozymes that could cleave DNA in vivo. It is not obvious how one should change the Tetrahymena ribozyme to convert it from an RNA-cleaving to a DNAcleaving enzyme. Thus, we turned to directed evolution as a means to acquire the desired phenotype.
The ribozyme consists of 413 nucleotides and assumes a well-defined secondary and tertiary structure that is responsible for its catalytic activity (27-29). Phylogenetic analysis (30), supported by site-directed mutagenesis and deletion studies (31), points out a distinction between a conserved catalytic core (comprising about one-third of the molecule) and surrounding stem-loop elements that offer structural support but are not essential for catalytic activity. To generate the initial population of ribozyme variants, we introduced random mutations throughout the catalytic core of the molecule. Four synthetic oligodeoxynucleotides were prepared, each of which randomly mutagenizes 35 nucleotide positions at an error rate of 5 percent per position (Fig.   2 ). The degenerate oligodeoxynucleotides were incorporated into a DNA template that encodes the ribozyme, and the template was transcribed directly to produce the mutant RNA's (32). We began with 20 pmol (1013 (Table 1) . The evolution experiment spanned ten successive generations; each generation began with 20 pmol of RNA. The amount of RNA was quantified after selective amplification and after transcription (Fig. 3A) . DNA cleavage activity for the population as a whole was monitored by a gel electrophoresis assay involving cleavage of (5'-32P)-labeled d(GGCCCTCT-A3(TA3)3) to yield d(GGCCCTCT) (Fig. 3B) . It is expected that any given mutation would more likely be detrimental than beneficial, although there may be a substantial number of neutral mutations. Indeed, DNA cleavage activity for the generation 0 population is less efficient than for the wild type. The generation 1 population, having been selected for DNA cleavage activity under physiologic conditions, shows improved catalytic activity compared to generation 0 and is slightly improved over the wild type. Through successive generations there is continued improvement of phenotype. By After ten generations, DNA cleavage activity for the population as a whole is 30 times higher than that of the wild type. Because selection is based on primer hybridization to the EP covalent intermediate (Fig. 1B) , there is selection pressure against the subsequent site-specific hydrolysis reaction. As a consequence, the efficiency of the hydrolysis reaction relative to the initial phosphoester transfer event drops from 4.9 percent for the wild type to 1.5 percent for the generation 10 population. There is selection pressure favoring accurate cleavage of the DNA at the target phosphodiester; inaccurate cleavage would result in partial mismatch of the primer used to initiate selective amplification. The accuracy of cleavage at first declines from 90 percent for the wild type to 45 percent for the generation 8 population and then rises to 60 percent for the generation 10 population. There are some individuals in the population that sacrifice accuracy for improved cleavage activity in order to enjoy an overall selective advantage (see below). Of course, the most favorable solution is an individual that has both high accuracy and high cleavage activity.
Evolutionary history. Although evolution in natural populations is an accomplished fact, evolution in vitro is a work in progress that allows the experimenter to access any time in evolutionary history. We obtained subclones from the evolving population at every generation (35). Generations 3, 6, and 9 were chosen for detailed analysis. DNA was prepared from 25 subclones at generations 3 and 6 and from 50 subclones at generation 9. The nucleotide sequence of the entire ribozyme gene was determined for each of these subclones (36) and shows how genotype changes over the course of evolutionary history (Fig. 4) .
From generation 0 to generation 3, variation is discarded throughout much of the catalytic core of the ribozyme. The mean number of mutations per subclone decreased from 7.0 at generation 0 to 2.7 at generation 3. By generation 3, a small number of muta- The individual mutations result in improved activity compared to the wild type, but they do not result in activity exceeding that of the generation 9 population as a whole (Fig. 7) . Activity in the 94:A-+U mutant is seven times greater and in the 94:A-*C mutant it is two times greater than in the wild type. The 313-314:GA-*UG double mutant is more active than either the 313:G-*U or 314:A--G single mutant, explaining why the 313-314 mutations occur together among the evolved individuals that we have studied. As predicted from the analysis of 14 individuals at generation 9, the 313-314:GA--UG mutations result in diminished site-specific hydrolysis of the DNA substrate compared to the wild type. These mutations confer both enhanced phosphoester transfer activity and diminished sitespecific hydrolysis activity, and thus are well suited to meet the imposed selection constraint which depends on availability of the EP covalent intermediate.
The evolutionary frontier. As an in vitro model of Darwinian evolution, a population of macromolecular catalysts was directed toward the expression of novel catalytic function. In our study, we wanted to develop ribozymes that cleave DNA with improved efficiency under physiologic conditions. In a related study, we used these evolved RNA's to cleave a target DNA in vivo; ribozymes obtained from generation 9 were expressed in E. coli and shown to prevent infection by M13 single-stranded DNA bacteriophage (40).
We are continuing the present successful phylogeny beyond the tenth generation, but only after decreasing the concentration of DNA substrate in the target reaction. Through the first ten generations the substrate concentration was 10 ,uM, roughly matching the Km for the wild type. Now that the evolved individuals have attained a Km of about 2 P,M, the substrate concentration must be reduced to subsaturating levels to promote further improvement in substrate binding. In addition, we are attempting to improve catalytic tumover in the DNA cleavage reaction by selecting for both phosphoester transfer activity, which generates the EP covalent intermediate, and subsequent RNA-catalyzed site-specific hydrolysis activity, which frees the ribozyme to act on another substrate molecule.
The selection scheme that we used could be applied to various substrates of the form: d (CCCTCfQ-A3(TA3)3) , where Ql refers to some nucleotide analogue and the ribozyme is selected for its ability to cleave the phosphodiester bond following the se- ARTICLE quence CCCTCQ. The substrate need not be a nucleotide or nucleotide analogue. The only requirement is that RNA's that react with the substrate become tagged in some way so that they can be distinguished from nonreactive molecules with respect to the amplification process. For example, reactive RNA's could become joined to a portion of the substrate that is attached to a solid support. Nonreactive RNA's would be washed away, leaving the bound RNA's to be selectively amplified. The step from an RNA-cleaving ribozyme to a DNA-cleaving ribozyme is a modest one. It seems reasonable that RNA is capable of catalyzing a broader range of phosphoester transfer reactions, but it is not clear which of these activities are accessible from existing ribozymes via directed evolution. In some cases, it may be necessary to evolve a succession of ribozymes that lead progressively toward the desired catalytic behavior. An important milestone will be the evolution of a ribozyme that performs novel chemistry, that is, catalyzes some reaction other than phosphoester cleavage or ligation. Considering the functional groups that exist within RNA, there are a number of plausible avenues to be explored.
